The Nef protein of human immunodeficiency virus type 1 downregulates the CD4 coreceptor from the surface of host cells by accelerating the rate of CD4 endocytosis through a clathrin/AP-2 pathway. Herein, we report that Nef has the additional function of targeting CD4 to the multivesicular body (MVB) pathway for eventual delivery to lysosomes. This targeting involves the endosomal sorting complex required for transport (ESCRT) machinery. Perturbation of this machinery does not prevent removal of CD4 from the cell surface but precludes its lysosomal degradation, indicating that accelerated endocytosis and targeting to the MVB pathway are separate functions of Nef. We also show that both CD4 and Nef are ubiquitinated on lysine residues, but this modification is dispensable for Nef-induced targeting of CD4 to the MVB pathway.
Primate immunodeficiency viruses infect helper T lymphocytes and cells of the macrophage/monocyte lineage by binding of their viral envelope glycoprotein, Env, to a combination of two host cell-specific surface proteins, CD4 and either the CCR5 or CXCR4 chemokine receptors (reviewed in reference 62). Ensuing fusion of the viral envelope with the host cell plasma membrane delivers the viral genetic material into the cytoplasm. Remarkably, the most highly transcribed viral gene in the early phase of infection does not encode an enzyme or structural protein but an accessory protein named Nef. Early expression of Nef is thought to reprogram the host cell for optimal replication of the virus. Indeed, Nef has been shown to enhance virus production (19, 24, 59, 74) and to promote progression to AIDS (23, 47, 48) , making it an attractive candidate for pharmacologic intervention.
Nef is an N-terminally myristoylated protein with a molecular mass of 27 kDa for human immunodeficiency virus type 1 (HIV-1) and 35 kDa for HIV-2 and simian immunodeficiency virus (27, 29, 50, 65) . Nef has been ascribed many functions, the best characterized of which is the downregulation of the CD4 coreceptor from the surface of infected cells (28, 35, 57) . CD4 downregulation is believed to prevent superinfection (8, 52) and to preclude the cellular retention of newly synthesized Env (8, 49) , thus allowing the establishment of a robust infection (30, 71) .
The molecular mechanism by which Nef downregulates CD4 has been extensively studied. A consensus has emerged that Nef accelerates the endocytosis of cell surface CD4 (2, 64) by linking the cytosolic tail of CD4 to the heterotetrameric (␣-␤2-2-2) adaptor protein-2 (AP-2) complex (17, 25, 34, 45, 67) . Determinants in the CD4 tail bind to a hydrophobic pocket comprising tryptophan-57 and leucine-58 on the folded core domain of Nef (34) . On the other hand, a dileucine motif (i.e., ENTSLL, residues 160 to 165) (14, 22, 32 ) and a diacidic motif (i.e., DD, residues 174 and 175) (3) (residues correspond to the NL4-3 clone of HIV-1) within a C-terminal, flexible loop of Nef bind to the ␣ and 2 subunits of AP-2 (17, 18, 25, 51) . AP-2, in turn, binds to clathrin, leading to the concentration of CD4 within clathrin-coated pits (15, 33) . These pits eventually bud from the plasma membrane as clathrin-coated vesicles that deliver internalized CD4 to endosomes. In essence, then, Nef acts as a connector that confers on CD4 the ability to be rapidly internalized in a manner similar to endocytic receptors (75) .
Unlike typical endocytic recycling receptors like the transferrin receptor or the low-density lipoprotein receptor, however, CD4 that is forcibly internalized by Nef does not return to the cell surface but is delivered to lysosomes for degradation (4, 64, 68) . Thus, expression of Nef decreases both the surface and total levels of CD4. What keeps internalized CD4 from returning to the plasma membrane? We hypothesized that Nef might additionally act on endosomes to direct CD4 to lysosomes. This is precisely the fate followed by signaling receptors, transporters, and other transmembrane proteins that undergo ubiquitination-mediated internalization and targeting to the multivesicular body (MVB) pathway (40, 46) . This targeting involves the endosomal sorting complex required for transport (ESCRT), including the ESCRT-0, -I, -II, and -III complexes, which function to sort ubiquitinated cargoes into intraluminal vesicles of MVBs for eventual degradation in lysosomes (40, 46) . Herein, we show that Nef indeed plays a novel role in targeting internalized CD4 from endosomes to the MVB pathway in an ESCRT-dependent manner. We also show that both Nef and CD4 undergo ubiquitination on lysine SDS sample buffer (Invitrogen, Carlsbad, CA). Samples were boiled, and proteins were resolved on NuPAGE Bis-Tris gels (Invitrogen). Immunoblot analysis was performed as previously described (55) .
Metabolic labeling and immunoprecipitation. Metabolic labeling and immunoprecipitation were performed as previously described (12) with minor changes. In brief, cells grown on 12-well plates were pulse-labeled for 15 min at 37°C using 0.1 mCi/ml [ 35 S]methionine-cysteine (Express Protein Label; Perkin Elmer-Cetus, Boston, MA). Cells were rinsed twice with ice-cold phosphate-buffered saline (PBS) and subsequently chased for different times at 37°C in regular culture medium supplemented with excess methionine (0.06 mg/ml) and cysteine (0.1 mg/ml). At each time point, cells were rinsed twice with ice-cold PBS and frozen for later analysis. Cell extracts were immunoprecipitated with antibodies to CD4 and analyzed by SDS-PAGE and fluorography. Quantification of signal intensity was performed using a Typhoon 9200 PhosphorImager and ImageQuant analysis software (Amersham Biosciences).
In vivo ubiquitination assays. Cell extracts were prepared by incubating cells for 30 min at 4°C in lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10% [vol/vol] glycerol, 5 mM EDTA, 1% [vol/vol] Triton X-100), supplemented with 20 mM N-ethylmaleimide (Calbiochem, Gibbstown, NJ) to minimize deubiquitination during extract preparation and with 1ϫ complete protease inhibitor cocktail. Cell extracts were subjected to immunoprecipitation using a monoclonal antibody to CD4 or an immobilized rat antibody against the HA epitope (Roche Applied Science, Indianapolis, IN), to immunoprecipitate Nef-HA proteins. Immunoprecipitates were analyzed by SDS-PAGE and immunoblotting.
Immunofluorescence microscopy. Cells grown on coverslips and transiently expressing the proteins of interest were fixed with either 4% (wt/vol) paraformaldehyde (PFA) in PBS for 15 min at room temperature or methanol for 3 min at room temperature. PFA-fixed cells were permeabilized with 0.2% (vol/vol) Triton X-100 in PBS. Cells were incubated with primary and secondary antibodies in blocking solution (0.2% [wt/vol] pork skin gelatin in PBS). Coverslips were mounted on slides, and cells were analyzed with an Olympus FluoView FV1000 scanning unit on an inverted Olympus IX81 microscope, as previously described (55) .
Immunoelectron microscopy. Cells were fixed with 4% (wt/vol) PFA in PBS for 1 h, rinsed with 50 mM glycine in PBS for 15 min, and blocked with 1% (wt/vol) bovine serum albumin in PBS. Cells were then permeabilized with 0.05% (wt/vol) saponin and 1% (wt/vol) bovine serum albumin in PBS, incubated with antibody to CD4 (Caltag, Burlingame, CA) for 1 h at room temperature or overnight at 4°C, rinsed, and subsequently incubated with nanogold-conjugated secondary antibodies (Nanoprobes, Yaphank, NY) for 1 h at room temperature. Cells were then fixed with glutaraldehyde (2.5% [vol/vol] in 0.1 M cacodylate buffer) for 1 h, rinsed, treated with a gold enhancement mixture (Nanoprobes, Yaphank, NY) for 6 min, and postfixed in reduced osmium prior to embedding in Epon. Sections of 70 to 100 nm were stained with lead citrate prior to imaging with a Tecnai 20 transmission electron microscope (FEI Company, Netherlands) operating at 120 kV. Images were captured on a 2,000-by 2,000-pixel chargecoupled-device camera (Gatan, Pleasanton, CA).
RESULTS
Nef mediates postendocytic targeting of CD4 for lysosomal degradation. The ability of Nef to downregulate CD4 is not restricted to the natural host cells, primate T lymphocytes and macrophages/monocytes, but can be fully recapitulated in other cell types. We chose to perform most of our experiments with HeLa cells because of their lack of endogenous CD4, which allows analysis of CD4 mutants. In addition, they are highly amenable to transfection, RNAi, and high-resolution morphological analyses. Key findings, however, were replicated in other cell types, including T cells. Immunofluorescence microscopy analysis showed that Nef caused a dramatic redistribution of CD4 from the plasma membrane (Fig. 1A) to cytoplasmic vesicles (Fig. 1B) in HeLa cells. These vesicles were distinct from lysosomes stained for the lysosomal membrane proteins, CD63 (Fig. 1C to E) and Lamp-1 (data not shown). However, inhibition of lysosomal acidification and degradation with either monensin (see Fig. S1 in the supplemental material) or bafilomycin A1 (Fig. 1F to H) . After 16 h cells were fixed, permeabilized, and stained with mouse monoclonal antibody to CD4 followed by Alexa-488-conjugated donkey polyclonal antibody to mouse IgG. (C to H) HeLa cells were cotransfected with pCMV-CD4 and pCIneo-Nef-wt and, 16 h later, were incubated for an additional 5 h with no additions (C to E) or with 1 M bafilomycin A1 (F to H). Cells were then fixed, permeabilized, and detection of CD4 within a population of lysosomes that contained CD63 ( Fig. 1F to H ; see also Fig. S1 in the supplemental material) as well as Lamp-1 (data not shown). These observations indicated that downregulated CD4 localized to a population of vesicular intermediates en route to lysosomes, and that, once in lysosomes, CD4 was rapidly degraded. Immunoblot analysis confirmed that expression of Nef decreased the total levels of CD4 (Fig. 1I ) and showed that this decrease could be partially prevented by incubation with bafilomycin A1 (Fig. 1I ) in a time-dependent manner (Fig. 1J ). These effects were specific, as a Nef construct with mutations of leucine residues to alanines in the endocytic dileucine motif (Nef-LL/ AA) failed to decrease the total levels of CD4 (Fig. 1I ). Nef-LL/AA was subsequently used in most experiments as a negative control. We concluded that expression of Nef caused not only rapid internalization of cell surface CD4 but also its targeting to lysosomes in HeLa cells.
Nef directs CD4 to MVBs. To investigate the pathway by which Nef directs CD4 to lysosomes, we further characterized the vesicular intermediates that contained downregulated CD4 at steady state. Immunofluorescence microscopy in the absence of lysosomal inhibitors showed colocalization of CD4 with endosomal markers ( Fig. 2A to F ). In the presence of Nef, ϳ40% of the CD4-containing vesicles labeled for the endosomal marker SNX2 ( Fig. 2A to C), a component of the retromer complex that mediates retrograde transport from endosomes to the trans-Golgi network (13) . A greater proportion (ϳ60%) of CD4-containing vesicles labeled for HRS ( Fig. 2D to F), a subunit of the ESCRT-0 complex responsible for targeting cargo proteins to the MVB pathway (40, 46) . These findings indicated that vesicles containing downregulated CD4 corresponded to endosomes that were enriched in a component of the MVB machinery (i.e., HRS).
Immunoelectron microscopy allowed analysis of CD4 downregulation at the ultrastructural level. In the absence of Nef, most CD4 was found on the plasma membrane ( Fig. 2G ) and not in MVBs (Fig. 2G, inset) . Expression of Nef, however, caused reduction in plasma membrane staining and the appearance of CD4 in both the limiting membrane and the interior of MVBs ( Fig. 2H to J), leading us to conclude that Nef directed CD4 to the MVB pathway.
Requirement of the ESCRT machinery for Nef-induced CD4 degradation. We next investigated whether Nef-induced CD4 targeting to the MVB pathway was dependent on the ESCRT machinery. To this end, we depleted HeLa cells of the TSG101 subunit of ESCRT-I by RNAi (Fig. 3A ) (ϳ75% depletion was achieved) and analyzed total CD4 by immunoblotting ( Fig. 3A and B) and surface CD4 by FACS analysis (Fig. 3C ). We found that TSG101 depletion impaired the reduction of total CD4 levels ( Fig. 3A and B) but not the reduction of surface CD4 upon expression of Nef ( Fig. 3C and D) . Immunofluorescence microscopy showed that, in TSG101-depleted, Nef-expressing cells, CD4 accumulated within large vesicles that were often decorated by the ESCRT-0 component HRS ( Fig. 3E to G), a phenotype that is characteristic of the enlarged endosomes that form upon perturbation of the ESCRT machinery (40, 46) .
Further evidence for the involvement of the ESCRT machinery was obtained by expression of a dominant-negative VPS4 mutant (VPS4-E/Q). VPS4 is an AAA ATPase that recycles ESCRT machinery components by mediating their dissociation from endosomes to the cytosol (6) . Mutation of VPS4 E223 to Q blocks ATP hydrolysis and renders VPS4 a dominant-negative inhibitor of ESCRT recycling (6, 10) . We observed that expression of VPS4-E/Q, but not wild-type VPS4, protected CD4 from Nefinduced degradation, as shown by immunoblot analysis of total CD4 levels ( Fig. 4A) and pulse-chase analysis of CD4 turnover (Fig. 4B) . In contrast, VPS4-E/Q expression did not prevent CD4 disappearance from the cell surface (Fig. 4C) . The internalized CD4 accumulated within enlarged vesicles decorated with the "locked" VPS4-E/Q protein ( Fig. 4G to I ). Taken together, these experiments involving TSG101 depletion and dominant-negative VPS4-E/Q expression demonstrated that the ESCRT machinery is required for Nef-induced targeting of CD4 to the MVB pathway en route to lysosomes. In addition, they showed that, even when targeting to the MVB pathway is blocked, CD4 is incapable of returning to the cell surface. Thus, Nef not only targets CD4 to the MVB pathway but also prevents its recycling to the plasma membrane.
CD4 ubiquitination on lysine residues is not required for its downregulation by Nef. Targeting of most transmembrane proteins to the MVB pathway is dependent on ubiquitination of lysine residues in the cytosolic domains of these proteins (40, 46) . The cytosolic tail of CD4 contains four lysine residues that are potential targets for ubiquitination (Fig. 5A ). To test whether CD4 is ubiquitinated and whether Nef affects CD4 ubiquitination, we cotransfected cells with different combinations of plasmids encoding CD4, Nef, and HA-tagged ubiquitin (HA-Ub). Cell extracts were subjected to immunoprecipitation with anti-CD4, followed by immunoblotting with anti-HA (Fig.  5B ). Using this protocol for cells cotransfected with CD4 and HA-Ub, we observed a prominent band with a size corresponding to monoubiquitinated CD4 and fainter, more slowly migrating species corresponding to multiple ubiquitinated species (Fig. 5B, upper panel) . Mutation of the four cytosolic lysine residues in CD4 to arginine (CD4-4K/R) abrogated all detectable CD4 ubiquitination at steady state (Fig. 5B, upper panel) .
stained with Alexa-488-conjugated mouse monoclonal antibody to CD4 (green channel) and mouse IgG1 monoclonal antibody to CD63. This was followed by incubation with Alexa-594-conjugated goat polyclonal antibody specific to mouse IgG1 isotype (red channel). Cells were imaged by confocal laser scanning microscopy. Interestingly, expression of Nef did not increase but, rather, decreased the amount of ubiquitinated CD4 (Fig. 5B, upper  panel) . This decrease, however, paralleled the reduction of total CD4 levels (Fig. 5B, lower panel) so that the ratio of ubiquitinated to total CD4 did not change. The Nef dileucine mutant Nef-LL/AA, which is unable to downregulate CD4 from the cell surface, had no effect on either CD4 ubiquitination (Fig. 5B, upper panel) or total levels (Fig. 5B, lower  panel) . Thus, CD4 undergoes constitutive ubiquitination on cytosolic tail lysine residues irrespective of the presence of Nef. The ability of Nef to target CD4 to the MVB pathway is therefore not due to enhancement of CD4 lysine ubiquitination.
Despite the lack of a detectable effect of Nef on CD4 ubiq- 3) . (E to G) Cells depleted of TSG101 as in panel A were cotransfected with pCMV-CD4 and pCIneo-Nef-wt, fixed, permeabilized, and costained with mouse monoclonal antibody to CD4 and rabbit polyclonal antibody to HRS, followed by incubation with secondary antibodies as described in the legends of Fig. 2A uitination, we hypothesized that constitutive ubiquitination of CD4 could nevertheless be a requisite for downregulation. To examine this possibility, we compared the Nef-induced downregulation of wild-type CD4 and CD4-4K/R using various assays ( Fig. 5 and 6 ). FACS analysis showed that CD4 downregulation from the cell surface was not dependent on the four lysine residues in the CD4 tail (Fig. 5C, lower panel) although it required the dileucine motifs in Nef (Fig. 5C, upper panel) and in the CD4 tail (Fig. 5C, middle panel) . In addition, immunoblot analysis showed that the four lysine residues in the CD4 tail were not required for the reduction of total CD4 levels elicited by Nef (Fig. 5D) . Furthermore, Nef caused redistribution of the CD4-4K/R mutant to cytoplasmic vesicles that colocalized with endogenous HRS, as observed by immunofluorescence microscopy ( Fig. 6A to C) . Finally, immunoelectron microscopy revealed the presence of downregulated CD4-4K/R within MVBs, including intraluminal vesicles (Fig.   6D to F) . Taken together, these results indicated that ubiquitination of CD4 on lysine residues is dispensable for both its internalization and targeting to the MVB pathway induced by Nef.
Nef ubiquitination on lysine residues is also dispensable for CD4 downregulation. Since Nef binds to the tail of CD4, we thought that perhaps Nef itself became ubiquitinated, thus conferring on CD4 the ability to be sorted in a Ub-dependent manner. To investigate this possibility, we coexpressed HAtagged Nef with myc-tagged Ub in HeLa cells, incubated cells in the absence or presence of the proteasomal inhibitor MG132, and then examined Nef ubiquitination by immunoprecipitation with anti-HA and immunoblotting with antimyc. Using this protocol, we observed a ladder of ubiquitinated Nef species, of which monoubiquitinated Nef was by far the most prominent, particularly in MG132-treated cells (Fig. 7A, right panel) . Several negative controls confirmed the specificity of ubiquitinated Nef detection (Fig. 7A) . Mutation of all 10 lysines in Nef to arginine resulted in a construct (Nef-10K/R) that was expressed at much lower levels in the cells, perhaps due to conformational instability (Fig. 7C) . Even on long exposures, however, this mutant was found not to be detectably ubiquitinated (data not shown). Strikingly, despite its lower expression levels, this Nef mutant downregulated both wild-type CD4 and the CD4-4K/R mutant from the cell surface, as determined by FACS analysis (Fig. 7B) . Moreover, the Nef-10K/R mutant was active in decreasing the total levels of both wild-type CD4 and CD4-4K/R, as assessed by immunoblot analysis (Fig. 7C) . Nef-10K/R, like wild-type Nef, also redistributed CD4 from the cell surface to intracellular vesicles (see Fig. S2 in the supplemental material). Thus, both the removal of CD4 from the cell surface and its targeting to degradation by the MVB pathway in HeLa cells are independent of lysine ubiquitination of not only CD4 but also Nef. Lysine ubiquitination-independent downregulation of CD4 in T cells. Although it is well established that Nef can downregulate CD4 in a wide variety of cell types, we sought to confirm our key findings in a more natural host cell type, human JM T cells, which express CD4 endogenously. These analyses were performed using Nef plasmids that were tagged at the C terminus with GFP because we found that this form of Nef-10K/R was expressed at levels similar to those of wild-type Nef in T cells (Fig. 7D) . FACS analyses showed that Nef-10K/ R-GFP downregulated endogenous CD4 from the surface of JM cells just as efficiently as Nef-GFP (Fig. 7E) . This was in contrast to Nef-LL/AA-GFP that, as expected, did not decrease surface CD4 levels (Fig. 7E) . Similar results were obtained with human A3.01 T cells (see Fig. S3 in the supplemental material). Nef-10K/R-GFP also decreased total CD4 levels in JM cells to the same extent as wild-type Nef (Fig. 7D) . These results indicated that the lysine ubiquitination independence of Nef-induced CD4 downregulation is not limited to HeLa cells but can also be observed in T cells.
DISCUSSION
The results of our experiments indicate that the downregulation of CD4 by Nef involves two sequential processes. One is the well-known acceleration of CD4 internalization (2, 64) through an AP-2/clathrin pathway (17, 25, 45) . This process depends on a dileucine motif in the CD4 tail (2, 31, 37) , as well as a dileucine motif (14, 17, 22, 25, 32) and a diacidic motif (3, 51) in Nef. The other process, demonstrated here, is the targeting of internalized CD4 to the MVB pathway for eventual degradation in lysosomes. This second process prevents retrieval of internalized CD4 to the plasma membrane, thereby ensuring sustained attenuation of CD4 expression at the cell surface.
As is the case for most other transmembrane proteins that are targeted to the MVB pathway (40, 46) , CD4 targeting depends on the ESCRT machinery. Interference with this machinery does not prevent endocytic removal of CD4 from the cell surface but blocks its subsequent delivery to lysosomes (Fig. 3 and 4) . This results in accumulation of CD4 within aberrantly enlarged endosomes, from where recycling to the cell surface is apparently impeded (Fig. 3 and 4) . Targeting of most cargoes to the MVB pathway is mediated by ubiquitination, which functions as a signal for recognition by components of the ESCRT machinery (40, 46) . We found that CD4 is indeed multiply ubiquitinated on lysine residues at steady state, but the extent of this modification is independent of the presence of Nef (Fig. 5 ). This is in contrast to the effect of the HIV-1 Vpu protein, which enhances ubiquitination and degradation of CD4 through recruitment of the ␤-TrCP Ub ligase (9, 56) . It also differs from the mechanism of the myxomavirus M153R protein, which itself is a Ub ligase that ubiquitinates CD4 and induces its destruction in lysosomes (54) . Our observations thus make it unlikely that Nef acts like these proteins to promote CD4 ubiquitination. We also found that mutation of the four lysine residues in the CD4 tail, which abolished all detectable ubiquitination, does not preclude its Nef-induced targeting to the MVB pathway ( Fig. 5 and 6 ). Thus, downregulated CD4 might be another example of a minority of cargoes such as the delta opioid receptor (36) and the interleukin-2 receptor ␤ chain (79) in mammals and Sna3p (58, 60, 63, 78) and Ath1p (38) in yeast, which are sorted to the MVB pathway in an ESCRT-dependent but apparently ubiquitination-independent manner. Does CD4 lysine ubiquitination then have any physiological role? We have found that mutation of the four lysine residues in the CD4 tail decreases both the basal and phorbol esterinduced (1) rates of CD4 turnover (L. daSilva, K. Janvier, and J. Bonifacino, unpublished observations), implying that these processes do follow the canonical MVB pathway. We surmise that expression of Nef overrides this mechanism by accelerating the turnover and making it independent of lysine ubiquitination.
We considered the possibility that Nef itself could be ubiquitinated and, through binding to the CD4 tail, could confer in trans the ability for CD4 to be sorted in a Ub-dependent manner. We found that Nef is indeed ubiquitinated on lysine residues (Fig. 7) , but, strikingly, this modification is also dispensable for CD4 removal from the cell surface and targeting to the MVB pathway (Fig. 7) . The independence of CD4 downregulation on lysine ubiquitination of Nef demonstrated here is at variance with the results of a study published while our manuscript was in preparation (44) . This study showed that ubiquitination of Nef, particularly at lysine-144, is required for CD4 downregulation from the cell surface in the murine T-cell hybridoma BYCD4. The reasons for this discrepancy are not apparent as we find that none of the 10 lysine residues in Nef, including lysine-144, is required for downregulation of cell surface CD4 in various human nonlymphoid and T cells ( Fig.  7 ; see also Fig. S2 and S3 in the supplemental material).
It remains to be determined how Nef can target CD4 to the MVB pathway without lysine ubiquitination in either cis or trans. One possibility is that either Nef or CD4 undergoes transient ubiquitination on residues other than lysine (e.g., cysteine, serine, threonine, or the protein's N terminus), as previously shown for the ubiquitination-dependent downregulation of major histocompatibility class I (MHC-I) molecules by K3 Ub ligases encoded by some herpes viruses (16, 77) . Nef might also be able to interact with the ESCRT machinery in a Ub-independent manner, as it does with AP-2 at the plasma membrane (17, 18, 25, 51) . In this regard, Nef has been shown to bind directly to the ESCRT protein AIP1/Alix (21) . This interaction was found to promote proliferation of MVBs and budding of viral particles from infected cells (21), but we speculate that it might also mediate targeting of CD4 to the MVB pathway. In agreement with a role for Nef in endosomes, Nef-GFP localizes to not only the plasma membrane but also a population of cytoplasmic vesicles that contain downregulated CD4 (see Fig. S4A to C in the supplemental material) and other endosomal markers (data not shown).
In addition to AP-2, three other structurally related complexes, AP-1 (14, 20, 25, 32, 41, 43, 51, 66) , AP-3 (20, 41, 43, 51) , and COPI (7, 42, 61) , have been shown to interact with Nef. The interaction of Nef with COPI, in particular, has been correlated with lysosomal targeting of CD4 (61, 69) although these findings have been contested (42) . In any event, none of these complexes is known to interact with the ESCRT machinery, so it is unclear what role, if any, they might play in targeting CD4 to the MVB pathway. Nef could also exert its effects on CD4 indirectly through activation of a signal transduction pathway. Such a mechanism, involving a kinase cascade, has been postulated to mediate the downregulation of MHC-I molecules by Nef (5, 11, 39) as an alternative to the interaction of Nef with AP-1 (53, 66) . In addition to CD4 and MHC-I, Nef downregulates other cell surface proteins, including CD8 (72), CD28 (73), CXCR4 (76) , and CCR5 (26) . It will now be of interest to determine whether Nef also targets these proteins to the MVB pathway and whether the ESCRT machinery and ubiquitination are involved in this targeting.
